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Abstract. Elastic light scattering is performed in the original band
of optical fiber communication at 1300 nm for a 500μm sapphire
microsphere placed on a silica optical fiber half coupler. The mor-
phology dependent resonances (MDRs) are observed in the transverse
magnetically (TM) polarized and transverse electrically (TE) polarized
0◦ transmission and 90◦ elastic scattering obtained from the sapphire
microsphere. The TE and TM MDRs can be detected selectively with
the use of a Glan polarizer. The TE and TM polarization selectivity
provides the ability to select relative MDR to BG levels. The TM
polarization provides higher MDR signal to background ratio (SBR)
and is suitable for optical monitoring, biological sensing or any other
optoelectronic application that requires a high resolution optical
filter. The polar angular mode spacing of 0.36 nm of the resonances
correlates well with the optical size of the sapphire microsphere. The
autocorrelation of the 90◦ elastic scattering spectra also shows peaks
at 0.36 nm. The spectral linewidths of the resonances are on the order
of 0.1 nm, which corresponds to quality factors on the order of 104. A
sapphire sphere with a radius of 500μm and relative refractive index
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of 1.31, resonances will red-shift by 1.01 nm (0.077%). This shift is on
the order of 10 linewidths, making sapphire biophotonic sensors an
interesting alternative to silica biophotonic sensors.
1 Introduction
Morphology dependent resonances (MDRs), which are optical resonances of spheri-
cal resonators, have attracted considerable scientific interest in recent years [1]. The
electromagnetic wave can be localized in a sphere by almost total internal reflection
(TIR) [2]. The optical wave circumnavigates the sphere and returns back to its initial
starting point in phase for specific wavelengths [3]. A periodic circumnavigation of
the electromagnetic wave manifests itself as a series of sharp spectral peaks known as
MDRs. High quality factor MDRs of circular microcavities open up new perspectives
in communication [4,5], sensing [6–8], light generation [9], and fundamental optics
[10]. Silicon [11–14] and germanium [15] microspheres were studied for electronic and
photonic integration applications. Silicon microspheres have been used for optical
modulation applications in air [16] and in nematic liquid crystals [17]. Polarization
switching [18] has been proposed and the polarization discriminated transmission
[19,20] and fluorescence [21] has been performed in silica microspheres. Recently, di-
amond ring resonators [22] and nearly spherical diamond resonators were fabricated
[23]. However, fabrication of diamond resonators is quite expensive.
In this work, we therefore address sapphire, being not only the second hardest
material next to diamond but showing also outstanding chemical inertness, wear
resistance, and biocompatibility [24]. Hence, sapphire is widely used for hip [21], dental
[25], and endosseous implants [26]. Moreover, its wide optical transmission band from
the ultraviolet (UV) to the near-infrared (near-IR) [27] suggests application potential
in optical biosensors. A theoretical study was performed on diamond and sapphire
spheres for biomolecular detection applications [28].
In this article, we report on the autocorrelation analysis of the polarization behav-
ior of elastic scattering from a sapphire microsphere in air placed on a side polished
silica single-mode optical fiber half coupler (OFHC) and excited with a tunable near-
IR diode laser operating in the standard optical fiber communication band (O-band)
for the first time to our knowledge.
We have also estimated the spectral shift, if a DNA strand of 30 base pairs is
functionalized on the sapphire microsphere, giving rise to an increase of 0.01μm in
the radius of the microsphere. An increase of 0.001 in the mean refractive index of the
sapphire is also assumed. For a sapphire microsphere with a radius a = 500μm and
relative refractive index m = 1.31, the MDRs will red-shift by 10 linewidths, making
sapphire biophotonic sensors an interesting alternative to silica biophotonic sensors.
2 Behavior of the elastic scattering intensity
The intensity of the elastic scattering spectra is similar to the recent analysis
performed for a silicon sphere [29]. Figure 1 shows an illustration of an elastic
scattering spectrum from a microsphere indicating the morphology dependent
resonances (MDRs), the background (BG), the spectral mode spacing (Δλ), and the
vacuum wavelength (λ) of incident light. The spectral mode spacing Δλ, which is
the spectral spacing between the MDRs of same radial mode order  and consecutive
angular mode number n can be calculated by [30]:
Δλ =
λ2 tan−1
√
(m2 − 1)
2πaNoutside
√
(m2 − 1) (1)
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Fig. 1. The illustration of an elastic scattering spectrum from a microsphere indicating
the morphology dependent resonances (MDRs), the background (BG), the spectral mode
spacing (Δλ), and the vacuum wavelength (λ) of incident light.
where a is the radius, Nsphere the refractive index of the sphere, Noutside the refractive
index of the outside medium, and m = Nsphere/Noutside the relative refractive index.
The elastically scattered electric field has contributions from three sources: the MDR
electric field (EMDR), the refracted beam, i.e., the glare spot (GS) electric field
(EGS), and the OFHC surface imperfection (SI) scattered electric field (ESI) [31].
The total elastically scattered electric field can then be written as:
Etotal = EMDR + EGS + ESI (2)
and the total elastically scattered intensity can be written as:
Itotal =
cεo
2
|EMDR + EGS +ESI |2 (3)
where c is the speed of light in vacuum, and εo the vacuum permittivity.
There is a constant BG as the non-resonant “dc” value of the spectra. The narrow
linewidth MDRs have Lorentzian lineshapes on top of the constant BG. In the 90◦
elastic scattering geometry, the SI term contributes more to the TE polarized elas-
tic scattering signal than the TM polarized elastic scattering signal. Therefore, by
neglecting the SI term for the TM polarization, the elastically scattered intensities
can be written as:
I
TE
=
cεo
2
|E
MDR
+ E
GS
+ E
SI
|2 (4a)
ITM =
cεo
2
|E
MDR
+ E
GS
|2 (4b)
which gives:
ITE = ISI + IGS + cεo|EGSE∗SI |+ IMDR + cεo|EMDRE∗GS + EMDRE∗SI | (5a)
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Fig. 2. The schematic of the experimental setup describing the elastic scattering and trans-
mission from the sapphire microsphere.
I
TM
= I
GS
+ I
MDR
+ cεo|EMDRE∗GS | (5b)
which should equal the elastic scattering intensities of the MDRs and BG:
I
total
= I
BG
+ I
MDR
+ Iinterference
MDR
. (6)
The comparison of Eq. (5) and Eq. (6) shows that, there are contributions to the BG
from GS and SI for the TE polarization, whereas there is only one contribution to
the BG, only from GS for the TM polarization. Therefore, for the TM polarization,
there would be less BG in the elastic scattering spectra. The intensity of the MDRs
should be approximately on the same order of magnitude in the TE and TM polarized
spectra. However, the intensity of the BG depends on the amount of extra scattered
light, i.e., SI and GS, available at that polarization.
3 Optics setup
Figure 2 shows the schematic of the experimental setup. A tunable distributed feed-
back (DFB) laser with a wavelength of 1302 nm is used in order to excite the MDRs of
the sapphire microsphere, through a side polished optical fiber half coupler (OFHC)
manufactured from silica single-mode optical fiber (SMOF). The OFHC couples 99.4%
of the light passing through, when index matching oil is placed on the OFHC. The
SMOF cladding thickness on the surface of the OFHC is on the order of a micrometer.
A single crystalline sapphire microsphere with a radius of approximately a = 500μm
and refractive index Nsphere = 1.77 is placed on the SMOF. In order to tune the
wavelength of the diode laser (DL), the laser temperature is controlled using a laser
diode controller (LDC). The temperature of the Peltier cooler attached to the DL is
swept from 19 ◦C to 34 ◦C, with the DL operating at a constant current of 29mA.
The temperature tuning sweeps the lasing wavelength from 1302.25 nm to 1303.30 nm.
The elastically scattered light from the sapphire microsphere at 90◦ was collected by
a two channel optical microscope and detected by an InGaAs photodiode (D1). The
polarization of the collected light was controlled with a Glan polarizer, which was
inserted before the InGaAs PD. The InGaAs PD signal was sent to a digital storage
oscilloscope (DSO) for signal monitoring and data acquisition (DAQ). The transmit-
ted power through the optical fiber was detected by an InGaAs photodetector (D2)
connected to the optical multimeter (OMM).
Taking Detection to the Limit: Biosensing with Optical Microcavities 1999
Fig. 3. The elastic scattering and transmission of a) unpolarized, b) TE, c) TM and
d) 45◦ linearly polarized spectra.
4 Elastic scattering spectra
Figure 3 shows the spectra of the elastically scattered (detected without a Glan
polarizer) light from the sapphire microsphere. For each maximum in the elastic scat-
tering spectrum, there is a corresponding minimum in the transmittance spectrum.
The minima in the transmittance spectrum correspond to a fraction of the light
coupled from the optical fiber into the sapphire microsphere. The spectral linewidths
of the resonances are on the order of 0.1 nm, which corresponds to quality factors on
the order of 104. Figures 3b–d present the spectra of the elastically scattered light
with a Glan polarizer in the detection path. The polarization behavior is analyzed
for the scattered intensity only. The transmitted intensity is presented to show the
corresponding minima to the maxima in the scattering intensity. The polarizer was
only used at the microsphere output (scattering) and no polarizing element was used
before coupling to the resonator. The optical fiber delivers the laser beam without
maintaining the state of polarization. Hence, the light is randomly polarized, with
linear and elliptical components, depending on the thermal and mechanical conditions
of the optical fiber. The stability of the signal was monitored in the transmission
measurements, which remained constant within the duration of the experiment.
The BG Figs. 3a, b, c, and d are due to the interference of elastic scattering con-
tributions from the MDRs, the OFHC surface imperfections (SI), and the glare spot
(GS) [32]. The MDR contribution changes the behavior of the spectrum above the
BG depending on the placement of the Glan polarizer in the TM or TE position. In
Figs. 3a, b, and d the slope of the BG signal is similar to the slope of the transmission
signal, which is proportional to the spectral gain of the DFB laser and is decreasing
as the wavelength increases. In Fig. 3c, the BG is flat for the TM polarized spectrum
of, when compared to the sloping down BG of the unpolarized, TE polarized, and the
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Fig. 4. The elastic scattering and transmission a) autocorrelation b) differential autocor-
relation for unpolarized c) autocorrelation d) differential autocorrelation for TE polarized
e) autocorrelation f) differential autocorrelation for TM polarized, and g) autocorrelation
h) differential autocorrelation for 45◦ linearly polarized spectra from a sapphire microsphere.
45◦ linearly polarized spectra in Fig. 3a and Fig. 3b, and 3d. This behavior is under-
standable, since there is less SI scattering, which is favoring the TE polarization.
In order to study the correlation of the elastic scattering spectra with the sapphire
microsphere size, an autocorrelation analysis is used in the 90◦ elastic scattering
and 0◦ transmission spectra. In the autocorrelation analysis spectra the 90◦ elastic
scattering signals on the left side of Fig. 4, i.e., Figs. 4a, 4c, 4e, 4g, the Δλ =
0.36 nm mode spacing is clearly visible. In the autocorrelation analysis spectra
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the 0◦ transmission signals on the left side of Fig. 4, i.e., Figs. 4a, 4c, 4e, 4g, the
Δλ = 0.36 nm mode spacing is not as clearly visible.
5 Autocorrelation of the scattering from the sapphire microsphere
Therefore, we performed a differential autocorrelation analysis, where we subtracted
the autocorrelation of the 90◦ elastic scattering spectrum from the autocorrelation of
the 0◦ transmitted spectrum. The differential autocorrelation provides an a posteriori
improvement of the signal to baseline ratio (SBR) from approximately 20% in the au-
tocorrelation to 70% in the differential autocorrelation. In addition, in the differential
autocorrelation spectra of the 90◦ elastic scattering and 0◦ transmission on the right
side of Fig. 4, i.e., Figs. 4b, 4d, 4f, 4h, the peak at Δλ = 0.36 nm corresponding to
the spectral mode spacing is clearly visible.
6 Prospect for biosensing applications
If a DNA strand of 30 base pairs is functionalized on the sphere, then approximately an
increase of 0.01μm (0.002%) in the sphere’s radius will be encountered. An increase of
0.001 (0.06%) in the mean refractive index of the sapphire is assumed [33]. A sapphire
sphere with a radius of 500μm and relative refractive index of 1.31, immersed in a
phosphate buffer saline (PBS) solution with refractive index 1.335, the MDRs will be
red-shifted by 1.01 nm (0.077%). For MDRs with linewidths on the order of 0.1 nm,
corresponding to quality factors of 104, this red shift will be on the order of 10
linewidths, making sapphire biophotonic sensors an interesting alternative to silica
biophotonic sensors.
7 Conclusions
The polarization behavior of the 90◦ elastic light scattering and 0◦transmission spec-
tra from a sapphire microsphere with a radius of 500μm and a refractive index of
1.77 is analyzed in the near-IR O-band. The spectral linewidths of the MDRs are on
the order of 0.1 nm, which corresponds to quality factors on the order of 104. The TE
and TM polarization selectivity provides the ability to select relative MDR to BG
levels. The TM polarization provides higher MDR signal to background (SBR) ratio,
and is suitable for optical monitoring, biological sensing or any other optoelectronic
application that requires a high resolution optical filter. The spectral mode spacing
of the MDRs is observed to be 0.36 nm, which correlates well with the optical size of
the silicon microsphere as evidenced by the autocorrelation analysis. If a DNA strand
of 30 base pairs is functionalized on the sapphire microsphere, then approximately an
increase of 0.01μm in the radius of the microsphere will be encountered. An increase
of 0.001 in the mean refractive index of the sapphire is assumed. For a sapphire mi-
crosphere with a radius of 500μm and relative refractive index of 1.31, the MDRs will
be red-shifted by 10 linewidths, making sapphire biophotonic sensors an interesting
alternative to silica biophotonic sensors.
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